The compound [Eu 5 (C 2 H 4 O 2 ) 6 (CH 3 CO 2 ) 3 ] n was synthesized by dissolving acetate europium salt in ethylene glycol solvent and heating under reflux for a short time. Its structure was solved ab initio from synchrotron powder diffraction data using optimization methods in direct space. The compound has a very large unit-cell volume of 23679 Å 3 and the highest centred cubic symmetry space group, Ia 3 3d (No. 230). The porous metal-organic framework structure is similar to those usually observed in zeolites, with pores volumes of 82 Å 3 , which is of potential interest for gas storage.
Introduction
Nowadays, metal-glycolate solids are considered for different purposes. They are mostly prepared and investigated as solid intermediates in the preparation of chemically, structurally and microstructurally controlled oxide particles (Takase et al., 2017; Das et al., 2009; Ksapabutr et al., 2004; Pan et al., 2015; Day et al., 1996; Ng et al., 2008; Yu et al., 2007 Baklanova et al., 2014 or metal (Chakroune et al., 2005; Abdallah et al., 2015; Takahashi et al., 2016; Anžlovar et al., 2008) , but they are also studied as intrinsic functional materials, taking advantage of the versatility of their crystalline structure, their lightness and, of course, the variety of their own physico-chemical properties. Typically, some of them, owing to the magnetic properties of their constitutive metal cations, exhibit interesting magnetocaloric properties at low temperature making them valuable for cryogenic magneto-refrigeration applications (Abdallah et al., 2019; Chen et al., 2014) . Others, owing to the chelating properties of their organic component, namely glycolate ligands, allow a better reactivity in certain catalytic reactions, such as those involved in the polycondensation of ethylene glycol with bis-(hydroxyethyl)terephthalate for the production of poly(ethylene terephthalate) (PET) -an important thermoplastic material (Biros et al., 2002) . In other cases, their open crystallographic structure as metal-organic frameworks (MOFs) allow their use for different gas storage or separation applications (Wasson et al., 2009) . These examples are, of course, not exhaustive and the chemical richness of this class of molecular materials is not yet completely explored. Investigations on new compounds with original properties are still in progress. This growing interest is favoured by the great ease of producing these materials. Usually, they are obtained by dissolving metallic salts in a glycol solvent (1,2-ethanediol, 1,4-butanediol, glycerol, diethylene glycol, triethylene glycol, etc.) and heating up the mixture up to the boiling point of the solvent for a few minutes. Hybrid compounds are immediately formed and precipitate. They are also readily recovered by centrifugation and, once dried in air, do not require specific storage conditions.
Focusing on the structure of these materials, the coordination possibilities offered by glycolate molecules (bridging, chelating and terminal modes) (Hubert-Pfalzgraf, 1998) allow the construction of more or less interconnected metal polyhedra within different lattice dimensionalities (zero-, one-, two-or three-dimensional). Depending on the organic linkers, different spatial arrangements can thus be achieved and structures based on isolated nanoclusters, chains, layers or three-dimensional polymers, including three-dimensional lattices containing shape-controlled cages, can be obtained. The nature of the metal cation is also important in this architectural design, and particularly its ability to be coordinated to several hetero-atoms. In particular, lanthanide cations are known to favour the formation of polyhedra with high coordination number. Moreover, these cations, owing to their 4f valence electrons, possess various magnetic and optical properties, leading to additional functionalities.
In this context, we were interested in producing europiumbased glycolate solids and in elucidating their structure using synchrotron radiation, to enable an evaluation of their potential as functional materials in relation to their chemical composition and/or crystallographic structure. To assist our structural characterizations, thermogravimetry and Eu Mossbauer spectroscopy were performed.
Experimental

Synthesis and crystallization
Europium(III) acetate hydrate (99.99%, Aldrich) and 1,2-ethanediol, commonly called ethylene glycol and abbreviated here as egH 2 (99%, Acros Organic), were purchased and used without further purification. In practice, 3 mmol of metallic salts were dissolved in 125 ml of egH 2 . The reaction solution was heated (6 C min
À1
) up to reflux at 195 C for 2 h under mechanical stirring. The solid formed at the boiling temperature was a beige powder. After cooling down to room temperature, the solid was recovered by centrifugation and then washed three times with ethanol before being dried and stored under primary vacuum. Infrared spectroscopy performed on the dried powder using the KBr technique, confirmed its acetato-glycolate composition (see Fig. S1 in the supporting information), allowing us to hypothesize that the hybrid material formed contains europium, ethylene glycol (or ethylene glycolate) and acetate species.
Data collection and indexing
X-ray diffraction data were collected at room temperature at the Swiss Light Source (SLS) synchrotron using the Materials Science beamline X04SA (Willmott et al., 2013) . The wavelength of 0.77665 (2) Å was calibrated with standard NIST silicon. The powder sample was measured in a glass capillary (ø = 0.4 mm) with Debye-Scherrer geometry using a MYTHEN II rapid multistrip detector (Bergamaschi et al., 2010) . In order to cover blind zones of the detector, diffraction patterns have been measured at four different detector positions (about 10 seconds per position), which were then averaged. Intensity data were collected up to 60
(2) with a step of 0.0036 . Twenty reflections between 3 and 16 (2) were chosen with the graphic interface of WinPlotr in FullProf Suite (Rodrí-guez-Carvajal, 1993) is zero, indicating a systematic extinction condition in the (hk0) reflections with k 6 ¼ 2n and l 6 ¼ 2n consistent with Ia 3 3d which was used in all subsequent analysis and discussion.
Structure solution
The search for a starting structural model was conducted by global optimization in direct space with the FOX (FavreNicolin & Č erný, 2002) program and using a parallel tempering algorithm. The ethylene glycol and acetate species were assumed as fully deprotonated and are abbreviated as eg
, respectively. The input models of these anions were defined by describing the two molecules in terms of Fenske-Hall Z-matrix format without H atoms. For eg 2À , the dihedral angles O-C-C-O were defined as intramolecular degrees of freedom and varied during the optimization. Three Wyckoff positions for the Eu atoms were identified, Eu1 (96h), Eu2 (48g) and Eu3 (16a). As europium cations are presumably trivalent in this type of compound, two hypotheses verifying the electroneutrality were then formulated for the unit formula (Z = 32) including the organic components: (i) Eu Fig. S2 in the supporting information). The thermogravimetry analysis performed in air from 25 to 600 C showed a total organic weight loss of 36.39 wt%, which is much more compatible with the first formula hypothesis than with the second one (Fig. S3 in , which is very reasonable for this kind of molecular solid.
In summary, the model contains three sites for Eu atoms, Eu1 (96h), Eu2 (48g), Eu3 (16a), and three independent molecules in general position: two ethylene glycolate denoted eg_A and eg_B and one acetate denoted ac (see Fig. S4 in the supporting information). The lattice contains 160 Eu trivalent cations, 192 ethylene glycolate and 96 acetate anions, corresponding to the Eu 5 (eg) 6 (ac) 3 formula unit with 32 formula per unit cell.
The coordinates of Eu2 and Eu3 sites were fixed to the values found during the previous optimizations. The position and orientation of the three independent molecules eg_A, eg_B and ac quickly converged and very satisfactory values of R p and R wp close to 0.04 were obtained. The model was then refined by the Rietveld method, using FullProf (Rodríguez-Carvajal, 1993).
Rietveld refinement
Rietveld refinements were performed by fixing, at the beginning, all the profile parameters to the values given by the Lebail decomposition. The position of C and O atoms of eg and ac anions were refined, with the constraints explained hereafter. The structure model contains 15 atomic positions (except atoms H): three for the Eu atoms and 12 (six sites for C and six sites for O) for the three molecules eg_A, eg_B and ac. Forty seven parameters depending on the intensity were released first: one scaling factor, 40 atomic coordinates (four for Eu -three for Eu1 and one for Eu2, 18 for C and 18 for O atoms) and six temperature factors (one for every Eu site and one for each molecule type). Also, ten distances and seven angular restraints were applied to respect the geometry of eg_A, eg_B and ac molecules. Typically, the C-C and C-O distances were constrained to be 1.48 (1) and 1.43 (1) Å , respectively, in both eg_A and eg_B molecules. Also, the O-C-C angle in these molecules was fixed to 109.5 (2)
. The C-C distance and the C-C-O angle in the ac molecule were constrained to 1.54 (1) Å and 120.0 , respectively. The H atoms of eg 2À and ac À molecules (11 H positions) were positioned geometrically but not refined. Finally, all the intensity and profile parameters were released (53 parameters among which 47 intensity and six profile parameters).
The refinement converges satisfactorily with R Bragg = 0.076, R wp = 0.030 and R p = 0.026; the refined parameters are listed in Table 1 . The final Rietveld plot is given in Fig. 1 . The atomic coordinates and temperature factors are reported in Table S1 in the supporting information. 
Results and discussion
General description of the structure
A polyhedral representation of the structure is given in Fig. 2 . The structure forms a three-dimensional network of cages and channels, usually observed in zeolite-type compounds similar to numerous other MOFs (Smaldone et al., 2010) . The volume of the accessible voids calculated by the crystallographic software PLATON (Spek, 2009 ) when all H atoms are geometrically positioned into the structure is estimated to be around 82 Å 3 .
Europium coordination and valence
The environment of the Eu1, Eu2 and Eu3 europium sites is represented in Fig. 3 and the Eu-O distances are reported in Table 2 . The coordination number (CN) of all these europium sites is found to be 7, 8 and 6, respectively. Eu1 (96h) has seven O atoms as first neighbours, four from bridging eg_A and eg_B molecules (O4, O5, O14, O15), two from a chelating eg_B molecule (O14, O15) and one from a bridging ac (O8). The Eu-O distances range between 2.320 (12) and 2.737 (9) Å . Eu2 (48g) is coordinated to eight O atoms, four from two chelating eg_A (2 Â O4, 2 Â O5), two from two bridging eg_B (2 Â O5) and two from bridging ac (2 Â O9). The Eu2-O distances range from 2.229 (12) 
Figure 3
Eu1 (CN = 7), Eu2 (CN = 8) and Eu3 (CN = 6) site environments in Eu 5 (eg) 6 (ac) 3 crystal. Symmetry codes are given in Table 2 . (Rau, 1966; Phanon & Gautier-Luneau, 2010; Barja et al., 2003; Hu et al., 1999) .
Connection of the coordination polyhedra
To understand in more detail this complicated structure, one has to imagine that it may be decomposed in two layers, 1 and 2, corresponding to slabs at x = 0 and x = 1 4 , respectively (Fig. 2) . In the first layer (x = 0) or the second layer (x = 1 4 ), it is emphasized that the connection of polyhedra leads to the formation of rings. Thus, rings constituted by eight polyhedra sharing edges, alternately [Eu1O 7 ] 11À and [Eu2O 8 ] 13À , can be distinguished in the (b,c) plane (Fig. 4) . A polyhedral representation of these rings is given in Fig. 5 Figure 6 Europium sub-network projection along the b axis with the representation of Eu1-based tetrahedra in purple and Eu1-based pseudo-hexagons in yellow.
Figure 5
Representation of the ring formed by the eight europium coordination polyhedra be seen (Fig. 4, left view) , providing a large space, denoted *. The second layer (x = 1 4 ) can be described by translating the first layer (x = 0) along the 1 2 b or 1 2 c vectors.
Europium sub-network
The projection of the europium sub-network along the b axis is represented in Fig. 6 and shows that europium atoms Eu2 (48g) occupy the centre of very deformed tetrahedra formed by four Eu1 atoms, in which the Eu1-Eu2 distances range from 3.684 to 3.786 Å . The Eu2-Eu2 distance between two tetrahedra is 6.825 Å . Eu3 atoms (16a) are at the centre of a pseudo-hexagon formed by six Eu1 atoms, four Eu1 atoms are in the same plane and two opposite Eu1 atoms deviate 0.4 Å from the plane. The six Eu3-Eu1 distances are identical and equal to 3.808 (3) Å . This value is equivalent to the metalmetal distance commonly measured in hybrid compounds containing Eu atoms and oxygen-based ligands, such as carboxylates, acting as organic linkers (3.8 Å ) (Zhang et al., 2017; Feng et al., 2016; Sun et al., 2016) .
This sub-network also can be decomposed into slices along the a axis (Fig. 7) . The connection of the pseudo-tetrahedral motifs in the three directions agrees with the three-dimensional character of the structure. In a representative slice, each Eu1-based tetrahedron shares two or three corners in the connections in the (b,c) plane, while it shares its remaining free corners for the connection out of the (b,c) plane. Slices 4À tetrahedral units in phyllosilicates (Brown & Nadeau, 1984) as illustrated in Fig. 8 .
In summary, the cubic compound Eu 5 (eg) 6 (ac) 3 (Ia 3 3d) has a metallic skeleton made of trivalent europium centres. The architecture of this metallic sub-network provides holes and tunnels running along the three crystallographic directions. The general architecture of this structure is reminiscent of those usually encountered in zeolite-type compounds, with an [Eu2(Eu1) 4 ]-based skeleton similar to that observed in phyllosilicates (Brown & Nadeau, 1984) .
The average volume of the voids forming the structure of the polyol-made Eu 5 (eg) 6 (ac) 3 crystals is estimated to be about 82 Å 3 , which is large enough to host small molecules, such as dihydrogen (H 2 ) making these materials potentially valuable for gas storage applications.
